Polymorphonuclear leukocyte granules may be considered lysosomes (1) since they consist of membrane-bound structures which contain a number of hydrolytic enzymes (2) . It is now recognized that the granules of neutrophils as well as eosinophils disappear under various circumstances. The conditions which seem to bring about degranulation may be divided into two groups; (a) Exposure of the cells to bacterial toxins, such as streptolysin (3) and leucocidin (4) , and (b) Phagocytosis of microorganisms (5, 6) or other particulate matter, such as ferritin-antiferritin complexes (7, 8) . The first situation results not only in the lysis of granules, but also causes almost immediate cell death. This is in keeping with de Duve's concept that lysosomes may play the role of "suicide bags" (1) . The second situation, on the other hand, is usually not associated with cellular death, especially when only a small number of particles have been engulfed. Thus apparently during phagocytosis some orderly mechanism is operative whereby granule content can be released without causing damage to the cell by its own lyric enzymes.
During phagocytosis the object to be ingested is surrounded by pseudopods which gradually enclose it completely. Thus the particle comes to occupy a vacuole which, on electron microscopy, has been shown to be limited by the invaginated cell membrane (reference 9, Fig. 10 ). Observations made by phase cinematography (10) revealed that granule lysis during phagocytosis represents some type of coalescence of the granules with the phagocytic vacuole. Electron microscope studies on phagocytosis of pneumococci by rabbit neutrophils have shown granule material to be present in the phagocytic vacuole (11) . The present study was designed to employ electron microscopy in order to establish the mechanism involved in the degranulation phenomenon. * Supported by United States Public Health Service Research Grants AM-01431 and AI-01831. 569
Materials and Methods
Cells.--Leukocytes were prepared from rabbit peritoneal exudates as described elsewhere (12) . They were suspended in Hanks' saline in a final concentration of 4 X 104 cells per mm 3.
Zymosan.--(Fleischmann Laboratories, Standard Brands, Inc., New York) was boiled, washed repeatedly in saline, and used in a final concentration of 2 X 105 particles per mm 3.
Microorganism.--Staphylococcus albus Mendita was grown on penassay agar (Difeo Laboratories, Inc., Detroit), washed in saline, and suspended in 10 per cent Hanks' saline in a concentmtion of 5 X 10 s organisms per mm 3.
Incubation.--The separate suspensions of cells, zymosan particles, and staphylococci were warmed to 38°C following which 0.5 ml of either the zymosan or the staphylococcal suspension was added to 4.5 ml of the leukocyte suspension. The preparations were mixed in a rotating tumbler at 38°C for 1, IX, 2, 5, or 15 minutes.
Fixation and Embedding.--Incubation was abruptly stopped by addition of one of the following fixatives, each of which had been cooled to 4°C: (a) 2 per cent isotonic osmic acid (13) for 15 minutes, (b) 3 per cent phosphate-buffered glutaraldehyde (14) for 1 hour, (c) potassium permanganate (15) prepared in isotonic saline for 2 hours. Osmic acid fixation was followed by dehydration with increasing concentrations of alcohol and propylene oxide and embedding in epoxy resin (16) as described for blood cells previously (17) . The glutaraldehyde-fixed specimens were washed three times with phosphate buffer and postfixed with 2 per cent osmic tetroxide for 30 minutes. This was followed by dehydration and embedding as described for the oxmic acid-fixed preparations. Potassium permanganate fixation resulted in an unexpected increase in the volume of the specimens and the appearance of a precipitate. This necessitated washing with isotonic saline 8 to 10 times until all free KMnO4 was removed and the supernatant wash remained colorless. Subsequently, these specimens were treated identically with those fixed with osmic acid. At each step of the dehydration and embedding procedure, the specimens were centrifuged in a table model clinical centrifuge at 400 to 600 P.e~ for 5 minutes. Each time the sedimented cells and particles were resuspended by gentle pipetting of the newly added solution. Gelatin capsules containing the final preparation in epoxy resin were also centrifuged in order to facilitate localization of desirable fields for study.
Microscopy.--Thick sections (0.5 to 1.0 t~) were cut with an LKB ultrotome (Laboratorie oeh Kemikaliska Produkter, Stockholm, Sweden) for examination with the phase microscope. Only areas containing ceils in the process of phagocytosis were selected for "thin" sectioning. Thin sections, ca. 500 A, were stained with lead hydroxide (18) or uranyl acetate (19) . A Siemens-Elmiskop I electron microscope was used for all studies. Original magnifications ranged from 1000 to 30,000.
RESULTS
The electron microscopic appearance of rabbit polymorphonuclear leucocytes (PMNs) did not differ much from that of their human counterpart (20) except for the larger size and greater heterogeneity of the granules (Figs. 1 and 2). Each granule was limited by a unit membrane. There was a striking morphological variation in the granule content. In general three types of granules were observed: (See Figs. 1 a and 1 b) 1, a dense, strongly osmiophilic one, the content of which seemed to have separated from the surrounding membrane, 2, a smooth uniformly less osmiophilic type, and 3, a type with a dark center and a less osmiophilic rim. In moving cells granules were rare or absent in the leading edge or pseudopod, whereas in resting cells granules were evenly distributed throughout the cytoplasm. The distance between the granules and the outer cell membrane commonly ranged between 100 and 250 m#, and was never less than 40 m#. An abundance of glycogen (21) was present in PMNs as well as eosinophils. When the cells chanced to be fixed while approaching an object to be phagocytosed, the area nearest the particle (the area referred to as hyaloplasm by light microscopists) was devoid of granules and the glycogen particles were distributed into distinct regions which were separated by channels of clear cytoplasm (Fig. 2) .
Zymosan presented as a dense core with a stippled-looking capsule (Figs. 3 a  and 3 b) . The capsule measured about 300 mg in thickness, while the "stipples" were 80 A in diameter (Fig. 3 a) . The electron microscopic appearance of staphylococci conformed with the observations published by others (22, 23) .
In specimens fixed after 1 minute of incubation, many PMNs had already started to ingest microorganisms. Phagocytosis often seemed to be taking place at multiple sites of the cell surface simultaneously (Fig. 3 b) , thus indicating an absence of any polarity in this function. At times degranulation commenced before ingestion of the entire microorganism had been completed (Fig. 4) ; however, initial invagination of the cell membrane usually was not accompanied by a discharge of granules.
Specimens fixed after 1~ minutes of incubation showed many particles completely engulfed. These had come to lie in a vacuole which was limited by a membrane, presumably the invaginated cell membrane. Lu favorable sections, granules were seen fixed in the process of emptying into the phagocytic vacuole when fusion had taken place between the granule membrane and the membrane lining the vacuole. This is illustrated in Figs. 5 and 6. There seemed to be no predilection for the discharge of any particular type of granule. Proximity to the phagocytic vacuole may have been the only prerequisite since there was no indication that the granules in other parts of the cytoplasm had moved toward the ingested particle. The juxtaposition of granule and vacuolar membranes helped to delineate their similarity in structure, particularly when potassium permanganate fixation was used (Figs. 7 a and 7 b) . The size of the phagocytic vacuole was difficult to assess from individual sections. One plane of sectioning would show the phagocytosed organism closely surrounded by the plasma membrane, whereas, at some distance, large vacuoles containing granules devoid of membranes were seen. On serial sectioning, such vacuoles proved to be continuous with the space containing the ingested particle (Figs. 5 and 6 ). Vacuolization was never encountered in cells which had not engaged in phagocytosis.
In specimens fixed after 2 minutes of incubation, the vacuoles were larger, their lining membrane scalloped in appearance, and many granules devoid of membranes were seen within them (Fig. 8 ). Though the granules had lost their membranes after entering the vacuole, initially they seemed to retain their round structure. Only in a few instances was the granule content seen to be shed into the vacuole in a piecemeal fashion (Fig. 5) . Confluence of granules was often noted. At the same time the phagocytosed organism became surrounded by material which resembled the content of the granules in electron density (Fig. 8) .
Eosinophils degranulate during phagocytosis as do neutrophils (24) . In specimens fixed after 2 minutes of incubation some eosinophils were found to have engulfed zymosan. The phagocytic vacuole in these instances was generally small and filled with dense staining material resembling the content of granules (Fig. 9) .
Observations were not carried out beyond 15 minutes of incubation. During this time no digestion or structural alterations of either zymosan particles or staphylococci could be detected, and the cells showed no morphological evidence of deterioration.
Schematic representations of the membrane fusion process accompanying phagocytosis and degranulafion are shown in Fig. 10 .
DISCUSSION
The studies reported here have demonstrated the mechanism underlying the degranulation of neutrophils and eosinophils which accompanies phagocytosis. The enzyme content of the granules is discharged into the phagocytic vacuole when their membranes fuse with the membrane lining the vacuole. As a result of such fusion, there is maintenance of membrane continuity, and hydrolytic enzymes are prevented from gaining access to the cytoplasm proper.
Fusion of membranes occurs in other situations. For example, during phagocytosis the pseudopods which surround the object to be engulfed finally meet, following which their surface membranes fuse. Thus, the mechanism of granule discharge is in a sense the reverse of that seen in phagocytosis. There may exist a general mechanism, involving membrane fusion, whereby substances which are potentially injurious to the cell can be eliminated without disruption of the cell membrane. Such a process has already been shown to exist for the discharge of secretory granules from acinar cells of the pancreas (25) , and it is most likely that other exocrine cells function in a similar fashion. Since "reverse phagocytosis" seems cumbersome terminology, a new term "exoplasmosis" is suggested to describe the phenomenon. Exoplasmosis could refer to the process by which particulate matter is eliminated to the outside of the cell as well as to the discharge of substances into intracellular vacuoles which, in reality, also represent extracellular space.
As degranulation progresses, the phagocytic vacuole seems to enlarge by aggrandizement of granule membranes. This probably accounts for the scalloped appearance which the vacuolar membrane gradually assumes. The discharged granules at first retain their round structure, but as is illustrated in Fig. 8 they later become confluent and eventally surround the phagocytosed organism.
Membrane fusion as a release mechanism is seen with all three types of granule. This is of interest in view of the recent report that only the densely osmiophilic granules contain acid phosphatase (26) . The heterogeneous appearance of the lysosomes is less apparent with glutaraldehyde fixation than in osmic acid and potassium permanganate-fixed preparations. Moreover the extent of heterogeneity varies from cell to cell in the same specimen. The impression has been gained in other studies (27) that peritoneal exudate cells vary in this respect depending on the individual donor and the frequency of paracenteses. Thus, it remains to be determined whether the different appearance of the granules indicates qualitative or quantitative differences in their enzyme content.
In specimens fixed with potassium permanganate the structure and dimensions of the granule membrane were seen to be identical with those of the membrane lining the phagocytic vacuole and the surface membrane of the cell (Fig. 7) . Confirmation of this finding with densitometric measurements would be of interest since it would then be established that the unit membrane of the neutrophil granule has the same dimensions as the unit membranes of multivesicular bodies, Golgi vesicles (28), and pepsinogen granules (29) . Perhaps all these organelles are designed to traverse the cell membrane by a process of membrane fusion. On the other hand, the unit membranes of the rough endoplasmic reticulum, the Golgi lamellae, and mitochondria have smaller dimensions (28) , and these structures are not usually believed to be released from living cells.
Granule discharge by fusion with cell membrane does not occur in the normal cell; i.e., in the absence of phagocytosis. It should be pointed out again, that granules were never seen located as closely to the surface membrane as to the membrane of the phagocytic vacuole. Indeed, during directed locomotion the part of the cell approaching its prey was conspicuously devoid of granules. Thus the forces involved in causing membrane fusion and release of granules into vacuoles may never become activated between the granules and the surface membrane of the cell because of the larger intervening distance. How membrane fusion is actually accomplished remains a moot point. Although conceivably it may depend on simple physical forces able to overcome surface tensions between interphases of similar substances, it is also possible and perhaps more likely, that activation of enzymes which are known to be present locally may play a role.
SUMMARY
Electron microscopic observations have established the mechanisms underlying degranulation of neutrophils and eosinophils during phagocytosis. The content of the granules is released into the phagocytic vacuole when their membranes fuse with the membrane lining the vacuole. The discharge mechanism appears to be applicable to the various morphological types of granules seen in rabbit polymorphs.
It has been proposed that the release of material to the outside of the cell or the discharge of material into intracellular vacuoles, events involving membrane fusion, be termed "exoplasmosis." 
